Protonation of citraconic and glutaconic acid in perchloric acid media by Milena Jankulovska-Petkovska et al.
M. Jankulovska-Petkovska, M. S. Jankulovska, V. Dimova, “Protonation of citraconic and glutaconic acid…”, Technologica Acta, vol. 12, no. 1, pp. 1–8, 2019. 1 
ISSN 1840-0426 (P); ISSN 2232-7588 (E) http://tf.untz.ba/technologica-acta 
PROTONATION OF CITRACONIC AND 
GLUTACONIC ACID IN PERCHLORIC ACID MEDIA ORIGINAL SCIENTIFIC PAPER 
Milena Jankulovska-Petkovska1, Mirjana S. 






1 Ss Kliment Ohridski University, Faculty of Veterinary Medicine in Bitola, Macedonia 
2 Ss. Cyril and Methodius University, Faculty of Agricultural Sciences and Food in Skopje, Macedonia 
3 Ss Cyril and Methodius University, Faculty of Technology and Metallurgy in Skopje, Macedonia 
 jankulovska_m@yahoo.com 
 
ABSTRACT: The protonation process of citraconic and glutaconic acid in perchloric acid media was followed us-
ing the method of UV spectroscopy. The observed changes in the UV spectra of investigated acids confirmed that 
the protonation process in perchloric acid with concentration from 5 to 10 mol/dm3 occurred. Glutaconic acid be-
haved as weak organic base in perchloric acid media and existed in its monoprotonated form. On the other hand, 
citraconic acid existed in its protonated form and as protonated anhydride at higher perchloric acid concentra-
tion. Using the absorbance data the thermodynamic dissociation constants were calculated applying the methods 
of Yates and McClelland, Bunnett and Olsen, and the “excess acidity” function method. The solvatation parame-
ters m, m* and φ were evaluated, as well. In order to correct the medium effect the method of characteristic vector 
analysis was applied. The possible site where the protonation may take place was discussed using the partial 
atomic charge values determined according to AM1 and PM3 semiempirical methods. 
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INTRODUCTION 
 The structural formulas of citraconic (cis-2-
methyl-1,2-ethylenedicarboxylic acid) and glutaconic 
(pent-2-enedioic acid) acid are shown in Scheme 1. 
 
   
a b c 
Scheme 1. Structural formulas of trans-glutaconic (a), 
cis-glutaconic (b) and citraconic acid (c) 
 
 Glutaconic acid exists in two forms: cis-
glutaconic and trans-glutaconic acid. In the aqueous 
solutions cis-glutaconic acid undergoes izomerization 
and it is transformed into the trans-form which is 
more stable [1]. Glutaconic acid is important indus-
trial substance because of their wide practical appli-
cation. For instance, this acid can be used as mono-
mer for production of biodegradable polyesters in 
chemical industry. Furthermore, glutaconic acid by 
condensation with suitable α,ω-diaminoalkanes par-
ticipate in formation of polyamides [2]. Citraconic 
acid is used in the production of synthetic resins and 
polymers [1]. When the anhydride of citraconic acid 
reacts with primary amines an amide bond with a 
terminal carboxyl group can be formed. This reaction 
can be reversed in acidic condition i.e. pH from 3 to 
4. It suggests that this anhydride can be used to block 
primary amine groups in alkaline conditions when 
pH value is between 7 and 9 [3].  
 The unsaturated dicarboxylic acids were studied 
by many authors, and some of them investigated the 
acid-base behavior of citraconic and glutaconic acid 
[4]-[7]. The protonation process of citraconic and 
glutaconic acid in sulfuric acid media was studied by 
several authors and the dissociation constants values 
(pKBH
+) of protonated acids were determined, as well 
[5]-[8]. Knowing the pKBH
+ values of carboxylic ac-
ids is important in order to understand the mecha-
nisms of the reactions in which they take part [9]. 
However, there is no literature data about thermody-
namic dissociation constants values of citraconic and 
glutaconic acid determined in perchloric acid media. 
In order to investigate the influence of the strength of 
the acid and its anion on the protonation process it is 
important to use different mineral acids for protona-
tion. 
 Taking into consideration that thermodynamic 
pKBH
+
 values are important parameters for weak or-
ganic acids the purpose of this work was to follow 
the protonation process of citraconic and glutaconic 
acid in perchloric acid media by means of UV spec-
troscopy. The changes in the spectra can be used for 
determination of thermodynamic dissociation con-
stant values of protonated acids. At the same time, 
using the semiempirical AM1 and PM3 quantum 
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chemical methods the possible protonation site in the 




 Chemicals and equipment: The stock solutions 
were prepared by dissolving a known amount of the 
investigated acids in redistilled water. The concentra-
tion of citraconic acid in the stock solutions was 9.8 
10-5 mol/dm3, while that of glutaconic acid was 8.3 
10-5 mol/dm3. Two series of test solutions with con-
stant concentration of investigated organic acids were 
prepared. The concentration of perchloric acid in the 
test solutions was varied between 1 mol/dm3 and 11 
mol/dm3. The UV spectra of the two series of solu-
tions were recorded at room temperature in the wave-
length region from 190 nm to 290 nm with 1 nm res-
olution, 24 hours after preparation of the test solu-
tions. The absorbance data at the following wave-
lengths: 198, 206, 214 and 220 nm were used for cal-
culation of the pKBH
+ values of glutaconic acid. The 
wavelengths were selected around the maximum of 
the absorption band. The molar absorption coefficient 
values of the unprotonated form of glutaconic acid 
were determined at perchloric acid concentration of 1 
mol/dm3 from the absorbance data at the same wave-
lengths. It was considered that at this mineral acid 
concentration glutaconic acid existed in its unproto-
nated form. The molar absorption coefficient values 
of protonated form of glutaconic acid were deter-
mined when the perchloric acid concentration was 11 
mol/dm3, because the protonation process of gluta-
conic acid at this concentration was completed. All 
used substances were of analytical grade p.a (Alka-
loid and Merck). The concentration of perchloric acid 
was determined by titration with a standard solution 
of sodium hydroxide. The UV spectra were recorded 
on a Varian Cary spectrophotometer using quartz cell 
with 1 cm length, at room temperature. All calcula-
tions were performed by Microsoft Excel computer 
program. 
 Calculation of the pKBH
+ 
values: It is well 
known that the investigated carboxylic acids in water 
behave as proton donors, while in strong mineral acid 
media as proton acceptors. The protonation equilibria 
of these substances can be presented with the equa-
tion (1). 
 
B  +  H3O
+  →  BH+  +  H2O .................................... (1) 
 
 The pKBH
+ values in highly acidic media can be 




 = H0 + logI .....................................................(2) 
 
where, pKBH
+ is the dissociation constant of protonat-
ed form of the acid, H0 is Hammett acidity function, I 
is a ratio between the concentration of the protonated 
and unprotonated form of the acid (ionization ratio). 
 When the absorbance values of protonated and 
unprotonated forms are measurable the ionization 
ratio can be calculated as logI = c(BH+)/c(B). B is the 
set of primary nitroanilines that serve as reference 
bases which can be protonated in strongly mineral 
acid media. The Hammett acidity function (H0) was 
no valid for all types of weak bases and it was up-
graded by several authors. Bunnett and Olsen [13] 
calculated the thermodynamic dissociation constants 
according to the equation (3).  
 




where, φ is a parameter which characterizes the 
changing activity coefficient behavior of bases with 
changing acidity. 
 Using the equation (3) necessity of different acid-
ity functions to characterize the protonation process 
of different bases was reduced to one acidity func-
tion, i.e., Hammett acidity function. The method of 
Yates and McClelland also can be used to determine 
the thermodynamic pKBH
+ values [14]. In this case, 
the calculations can be made by the equation (4). 
 
logI = -mH0 + pKBH
+ ................................................(4) 
 
 A plot of logI vs. –H0 gives a straight line with 
slope m, whose value is about 1. Actually, the pKBH
+ 
values should be calculated using the acidity func-
tions which make possible the best slope of the de-
pendence of logI vs. H0, i.e., slope closest to unity. 
This suggest that the protonation process is favored 
compared to the solvatation process and the pKBH
+ 
values calculated by this method would be more ac-
curate. Furthermore, the method of Cox and Yates 
[15], also known as the “excess acidity” function 
method (Eq. 5), was applied to determine the ther-
modynamic pKBH
+ values and the values of the solv-
atation parameter m*.  
 
logI – logcH
+ = m*X + pKBH
+
  ...................................(5) 
 
where, m* expresses the hydrogen-bonding solvata-
tion of the protonated base. X is excess acidity func-
tion which represents the difference between the ob-
served acidity and that which the system would have 
if it was ideal. 
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 The excess acidity function X is defined using the 
obtained data of the ionization ratio of 76 weak bases 
in 0-78% aqueous perchloric acid solutions [16]. 
These bases included compounds where the protona-
tion centre is the atoms of N, C, O and S. Hence, us-
ing the acidity function X the values of the dissocia-
tion constants for different bases could be determined 
in aqueous perchloric acid solutions. The “excess 
acidity” function method is mostly used for determi-
nation of pKBH
+ values of organic bases in strong 
mineral acid media [16]. 
 
RESULTS AND DISCUSSION 
 UV spectra of citraconic and glutaconic acid: 
The UV spectra of citraconic and glutaconic acid 
were recorded at the wavelength region from 190 to 




Fig. 1. Experimental UV spectra of citraconic acid(c = 9.8 10-5 
mol/dm3) in perchloric acid media (c(HClO4) = 1 mol/dm3  
(spectrum 1), c(HClO4) = 11 mol/dm3 (spectrum 11)) 
 
 At lower perchloric acid concentration (below 5 
mol/dm3) in the spectrum of citraconic acid a single 
band at 212 nm (marked with 1, in the Fig. 1) ap-
peared (See Fig. 1). When the concentration of per-
chloric acid increased this band shifted monotonic to 
204 nm (marked with 11 in the Fig. 1) and its intensi-
ty increased. At higher perchloric acid concentration 
a new band at 246 nm appeared. These two absorp-
tion bands are due to the π→π* electron transitions. 
In accordance with the previous investigations [5]-[8] 
it was expected that the citraconic acid exists in the 
protonated form and protonated anhydride, as a result 
of partial dehydratation of the formed protonated acid 
[17]. 
 It suggested that the reaction of protonation and 
dehydratation took place at the same time. Hence, the 
absorption band which appeared at 246 nm (See Fig. 
1) was due to existence of the anhydride in the solu-
tion. The existence of two bands in the spectrum of 
citraconic acid was in agreement with the literature 
data which confirmed that for some organic acid at 
higher mineral acid concentration anhydrides are 
formed [17], [18]. In the spectrum of glutaconic acid 
a single absorption band around 214 nm (marked 
with 1 in the Fig. 2) appeared. When the perchloric 
acid concentration increased the hypsochromic effect 
was observed, similarly as it was case with the 
changes in the position of the spectral band of citra-
conic acid, and the intensity of this band insignifi-
cantly increased. When the concentration of perchlo-
ric acid was 11 mol/dm3 the band was placed at 204 
nm (marked with 11 in the Fig. 2). 
 
 
Fig. 2. Experimental UV spectra of glutaconic acid (c = 8.3 10-5 
mol/dm3) in perchloric acid media (c(HClO4) = 1 mol/dm3 
(spectrum 1), c(HClO4) = 11 mol/dm3 (spectrum 11)) 
 
 On the basis of these results and previous studies 
[4]-[8], the existence of one isosbestic point in the 
UV spectra of citraconic and glutaconic acid was ex-
pected. However, its position could not be estab-
lished clearly, because of the influence of the solvent. 
In order to determine the precise position of the isos-
bestic points, and to separate the influence of the sol-
vent the experimental spectra were reconstructed us-
ing the method of characteristic vector analysis 
(CVA) [19]. The obtained reconstructed spectra of 
citraconic and glutaconic acid are shown in the Figs. 
3 and 4, respectively. 
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Fig. 3. Reconstructed UV spectra of citraconic acid (c = 9.8 10-5 
mol/dm3) in perchloric acid media 
 
 
Fig. 4. Reconstructed UV spectra of glutaconic acid (c = 8.3 10-5 
mol/dm3) in perchloric acid media 
 
 As it can be seen from the Fig. 3, two isosbestic 
points existed in the spectrum of citraconic acid, the 
first one at 210 nm and the second one at 234 nm. It 
means that there were three forms able to absorb UV 
radiation in the system: the acid in its unprotonated 
form, the protonated form of the acid and the proto-
nated anhydride. Because of that, it was complicated 
to determine the pKBH
+ values of citraconic acid. 
Hence, the protonation process of citraconic acid was 
characterized only qualitatively. The existence of one 
isosbestic point at 212 nm in the spectrum of gluta-
conic acid (See Fig. 4) suggested that in the reaction 
system two forms were present, i.e., the unprotonated 
and protonated form of glutaconic acid. This result 
was in agreement with the investigations made for 
similar systems [4-8]. Furthermore, the one step of 
protonation of glutaconic acid was confirmed with 
the dependence of the absorbance at 220 nm on per-
chloric acid concentration. This dependence had a 
sigmoidal shape, i.e., sigmoidal curve, S (See Fig. 5). 
 
 
Fig. 5. The dependence of the absorbance (λ = 220 nm) of 
glutaconic acid (c = 8.3 10-5 mol/dm3) 
on perchloric acid concentration 
 
 From the Fig. 5 it could be seen that the S curve 
had only one step. It confirmed that only one carbox-
ylic group was protonated. When the concentration of 
perchloric acid was below 6 mol/dm3 (H0 = -2.10) the 
glutaconic acid existed in its unprotonated form, 
while at perchloric acid concentration up to 10 
mol/dm3 (H0 = -5.23) the protonated form of the acid 
was formed. In agreement with previous investiga-
tions of similar organic acids obtained in mineral acid 
media and on the base of the results presented in this 
investigation, it was clear that in perchloric acid me-
dia the protonation process of citraconic and gluta-
conic acid took place [4]-[8]. 
 
 Partial atomic charges: The exact place of pro-
tonation of the investigated organic acid is an im-
portant question. In order to establish the site of pro-
tonation of some organic acids (fumaric, maleic, aco-
nitic, glutaconic, citraconic and mezaconic acid) 
many authors used different methods such as: ultra-
violet, infrared, Raman, mass and NMR spectroscopy 
[20]-[23]. Most of them suggested that the protona-
tion takes place on the oxygen of the carbonyl group 
[18], [24]-[26]. The possible protonation reaction of 
glutaconic and citraconic acid in perchloric acid me-
dia can be predicted according to the literature data 
and the calculated values of the partial charges using 
semiempirical methods [27]. In this work AM1 (Aus-
tin Model 1) and PM3 (Parametric Method 3) sem-
iempirical methods were used for optimization of the 
geometry of investigated acids [10], [11]. For that 
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purpose HyperChem computer program was used 
[28]. The partial atomic charges of atoms which are 
possible protonation centers in the molecule of the 
investigated acids were determined by AM1 (Austin 
Model 1) and PM3 (Parameterized Model 3) methods 
(Tables 1-3). 
 
Table 1. Atomic charges of cis-glutaconic acid calculated by AM1 






1   O -0.3114 -0.3045 
2   C 0.3089 0.3815 
3   C -0.1560 -0.0869 
4   C -0.0625 -0.0353 
5   C -0.2031 -0.1940 
6   C 0.3359 0.4187 
7   O -0.3081 -0.3011 
8   O -0.3640 -0.3971 
9   O -0.3768 -0.4098 
 
Table 2. Atomic charges of trans-glutaconic acid calculated by 






1   O -0.3178 -0.3110 
2   C 0.3064 0.3783 
3   C -0.1455 -0.0769 
4   C -0.0730 -0.0480 
5   C -0.1972 -0.1909 
6   C 0.3383 0.4159 
7   O -0.3145 -0.3052 
8   O -0.3475 -0.3826 
9   O -0.3577 -0.3945 
 
Table 3. Atomic charges of citraconic acid calculated by AM1 






1   O -0.3060 -0.3003 
2   C 0.3342 0.4117 
3   C -0.1400 -0.1287 
4   C -0.0269 -0.0372 
5   C 0.3290 0.4045 
6   O  -0.3036 -0.2953 
7   O -0.3489 -0.3895 
8   O -0.3549 -0.3917 
9   C  -0.2030 -0.0918 
 
 According to the values of partial atomic charge 
(Tables 1 and 2) the protonation process of glutacon-
ic acid occurred on the oxygen of the carbonyl group 
which is closer to the double bond (marked with 9) 
probably as a result of higher electronic density on 
that place in the molecule. The citraconic acid was 
protonated on the carbonyl oxygen of the carboxylic 
group marked with 8 (Table 3). The similar atomic 
charge values were obtained for the oxygen atom of 
the carbonyl group which is closer to the methyl 
group (marked with 7) probably because of its posi-
tive inductive effect.  
 
 Determination of the pKBH
+
 values: The proto-
nation process of glutaconic acid was quantitatively 
characterized with the pKBH
+ values calculated using 
the following methods: Bunnett and Olsen [13], 
Yates and McClelland [14], and Cox and Yates [15] 
(equations (3-5)). The pKBH
+ values could be calcu-
lated using the data of the acidity functions H0 and X 
which are known from the literature [12], [15], [29]-
[31] and the ionization ratio between the concentra-
tion of protonated and unprotonated form of the acid, 
I. This ratio was determined from the absorbance da-
ta according to Beer's law [32], [33]. Actually, the 
concentrations of protonated and unprotonated form 
of the acids were determined from absorbance data 
(experimental and reconstructed) using an overde-
termined system of four equations (absorbance val-
ues) with two unknown parameters (concentration of 
unprotonated and protonated form). The molar ab-
sorption coefficient values (needful for calculation of 
the ionization ratio) were obtained by measuring the 
absorbance values at the concentration of perchloric 
acid when glutaconic acid existed in its protonated 
and unprotonated form. The molar absorption coeffi-
cients, absorbance data, and the ionization ratio val-
ues at the selected wavelengths of glutaconic acid are 
given in Table 1. 
 There is no acidity functions determined when 
carboxylic acids were used as indicators. Thus, the 
pKBH
+
 values could be determined using the acidity 
functions obtained with compounds which are proto-
nated at the same protonation center as the investi-
gated acids [34]. When the method of Yates and 
McClelland [14] was used the calculations were 
made with the amide acidity function (HA) instead of 
H0. The pKBH
+ obtained in this way was close to 
those calculated according to the “excess acidity” 
function method [15]. Because of that, the HA acidity 
function was considered as more appropriate for cal-
culation of the pKBH
+ values. In this case it was ex-
pected that the slope parameter would have the value 
equal to unity.  
 The pKBH
+ values of glutaconic acid also were 
determined graphically using the method of Davis 
and Geissman [35]. Namely, when logI = 0, it is as-
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sumed that the acid is half protonated, then H0 = 
(H0)1/2. These values multiplied with the slope pa-
rameter m gave the graphically value of the pKBH
+, i.e 
pKBH
+ = m⋅(HA)1/2. The values of the solvatation pa-
rameters m, m* and φ, the correlation coefficients, the 
standard deviation (SD) and relative standard devia-
tion (RSD) were calculated, as well. The dependence 
of logI on H0 is linear with slope which depend on 
the method of calculation, and with an intercept equal 
to the graphic value of the thermodynamic dissocia-
tion constant. In the “excess acidity” function method 
the dependence of logI – logcH
+ vs. X was linear. The 
dependence of logI on HA (Yates and McClelland 
method) and logI – logcH
+ on X (Cox and Yates 
method) for glutaconic acid in perchloric acid media 
is shown in the Figs. 6 and 7, respectively. 
 
Table 4. The spectrophotometric data of glutaconic acid (c = 8.3 10-5 mol/dm3) in perchloric acid media, 
and values of logI (reconstructed spectra) 
c(HClO4) 
[mol/dm3] 
logI A198 A205 A214 A220 
1  0.5018 0.7418 0.8683 0.7924 
2  0.8815 0.9953 0.8174 0.5423 
3  0.7547 0.9731 0.8013 0.5747 
4  0.7832 0.9942 0.8212 0.5320 
5 -1.185 0.8363 1.0108 0.8573 0.4580 
6 -0.731 0.7207 0.9598 0.8542 0.5325 
7 -0.219 0.6871 0.8931 0.8263 0.6259 
8 0.284 0.5589 0.8871 0.8488 0.6827 
9 0.791 0.5280 0.8409 0.8935 0.7599 
10 1.602 0.5140 0.7534 0.8672 0.7913 
11  0.5087 0.7218 0.8354 0.8047 
 *εB 95635 104791 89528 60968 
εBH
+ 60234 90933 104653 95509 
 *The molar absorption coefficient values (ε [dm3 mol-1 cm-1]) of un-
protonated and protonated form of glutaconic acid 
 
 
Fig. 6. The dependence of logI on HA for glutaconic acid 
 
 
Fig. 7. The dependence of logI-logcH+ on X for glutaconic acid 
 
 As it was mentioned before HA is the most ade-
quate one for determination of the pKBH
+ values for 
dicarboxylic acids, i.e., using this function the slope 
value closest to unity was obtained (See Fig. 6). The 
values of the numerically and graphically obtained 
thermodynamic dissociation constants (pKBH
+) with 
their confidence interval at 95% confidence levels, 
the slope parameters (m, m* and φ) and statistical 
data are presented in Table 2. 
 The thermodynamic dissociation constants 
(pKBH
+) determined according to Bunnett and Olsen 
had more negative values compared to those calcu-
lated by other methods (see Table 5). As a result of 
different grade of solvatation of the used bases the 
slope parameter φ was not equal to unity. This pa-
rameter had positive value which means that the 
solvatation of glutaconic acid was more pronounced 
than that of Hamett’s indicators used to set up the H0 
scale [12]. The values of the solvatation parameter m* 
(“excess acidity” function method) for glutaconic 
acid were similar to those obtained for amides (m* = 
0.51 ± 0.07) which additionally confirmed that the 
amide acidity function was the most suitable one for 
calculation of the pKBH
+ for this acid [13]. Therefore, 
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in Yates and McClelland’s equation (Eq. 3) HA in-
stead of H0 was used [12]. As a result of that the val-
ues of the slope parameter m were close to unity, and 
the pKBH
+ values can be considered as thermodynam-
ic dissociation constants. The pKBH
+ values calculated 
with this method were similar to those calculated ac-
cording to the “excess acidity” function method [13]. 
It suggested that the method of Yates and McClelland 
was more reliable for determination of pKBH
+ values 
than the method of Bunnett and Olsen. The pKBH
+ 
values of glutaconic acid determined in perchloric 
acid media were more positive compared to pKBH
+ 
values which we had reported in sulfuric acid media 
[8]. It was expected because perchloric acid is 
stronger than sulfuric acid as a result of the influence 
of the anion. 
 
Table 5. Thermodynamic pKBH+ values of glutaconic acid 
(experimental and reconstructed spectra) 
experimental spectra reconstructed spectra 


















SD = 0.034 
RSD = 1.31 
-2.62 0.70 
-2.66±0.017 
s = 0.022 
V = 0.81 
-2.67 0.67 














s = 0.039 
V = 1.03 
-3.80 0.57 
-3.92±0.031 
s = 0.044 
V = 1.12 
-3.81 0.51 
















s = 0.02 
V = 1.22 
-2.80 1.09 
-2.75±0.032 
s = 0.060 




 The protonation reaction of glutaconic acid took 
place in perchloric acid media, i.e., this acid existed 
in its protonated form at perchloric acid concentra-
tion up to 10 mol/dm3. On the other side, citraconic 
acid at higher perchloric acid concentration existed in 
its protonated form and as a protonated anhydride, as 
well. Thus, the thermodynamic dissociation constants 
were determined for glutaconic acid, while the proto-
nation process of citraconic acid was characterized 
only qualitatively. There was no significant differ-
ence between the numerically and graphically calcu-
lated pKBH
+ values which was statistically confirmed. 
The differences between the thermodynamic dissoci-
ation constants obtained from the experimental and 
the reconstructed spectra were also insignificant. It 
indicated that there was a little influence of the sol-
vent on the appearance of the spectra compared to the 
effect of the protonation reaction. The correlation 
coefficient values of the dependence of logI on HA 
(amide acidity function) or X (“excess acidity” func-
tion method) used acidity function were between 
0.995 and 0.998. This suggested a good correlation 
between the values used for calculation of the pKBH
+ 
and the slope parameter values obtained using the 
different acidity functions.  
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